Abstract. The rapidly evolving nanotechnology field highlights the need of better understanding the relationship between nanoparticle (NP) properties and NP transport in solid tumors. The present study tested the hypothesis that the diffusive transport and spatial distribution of NP can be predicted based on the following parameters: interstitial NP diffusivity, NP-cell interaction parameters (cell surface binding capacity, rate constants of association, dissociation, and internalization). We (a) established the models and equations; (b) experimentally measured, in monolayer pharynx FaDu cells, the model parameters for three NP formulations (negatively charged polystyrene beads, near-neutral liposomes, and positively charged liposomes, with respective diameter of 20, 110, and 130 nm); and (c) used the models and parameters to simulate NP diffusion in 3-dimensional (3D) systems. We next measured the NP concentration-depth profiles in tumor cell spheroids, an avascular 3D system, and found good agreement between model-simulated and experimental data in spheroids for the negative and neutral NP (>90% predicted data points at three NP concentrations and three treatment times were within the 95% confidence intervals of experimental data). Model performance was inferior for positive liposomes containing a fusogenic lipid. The present study demonstrated the possibility of using in vitro NP-cell biointerface data in monolayer cultures with in silico studies to predict the NP diffusive transport and concentration-time-depth profiles in 3D systems, as functions of NP concentrations and treatment times. Extending this approach to include convective transport may yield a cost-effective means to predict the NP delivery and residence in solid tumors.
INTRODUCTION
Nanotechnology has emerged as an important tool in cancer translational research. Nanoparticles (NP) offer a suitable means to deliver diagnostics and therapeutics including small and large molecules, gene vectors, and biosensors. NP pose several advantages: (a) improve the solubility of hydrophobic compounds, (b) protect a molecule from undesirable interactions with biological milieu components (e.g., reduce its metabolism or degradation), and (c) favorably alter the distribution and provide passive targeting of solid tumors (due to the permeable/leaky blood vessels and the impaired lymphatic drainage in solid tumors) (1) (2) (3) .
We recently reviewed the determinants of NP delivery to their intended target sites (4) . NP transport to tumor interstitium, cell membrane, and intracellular compartments is determined by tumor pathobiological properties (e.g., tumor cell density, extracellular matrix materials, perfusion, vessel leakiness), physicochemical properties of NP (e.g., size, surface properties, aggregation), mechanisms of NP transport (e.g., diffusion, convection), and interactions between NP and biological matrices (e.g., binding to cell surface or extracellular proteins, internalization in cells). On one hand, these various factors can exert opposite effects on different transport processes. For example, NP are frequently surface-modified with targeting ligands to improve targeting and internalization, but binding of ligands to cell surface receptors limits NP transport. Similarly, larger NP with sizes between the capillary pore size in normal tissues (<10 nm in most tissues) and the pore size in tumor vasculature (typically between 100 and 200 nm) provides Yue Gao and Mingguang Li contributed equally to this work.
passive tumor targeting but also retards the transport. On the other hand, as NP is versatile and can be made of different types of materials, and can have different sizes, surface charges, and modifications, there is the potential to tailor the NP design to its intended function. We propose the latter can be facilitated by computational tools to predict the NP transport and delivery to target sites and interactions with targets as functions of NP properties.
After systemic administration, the delivery of particles to cells in solid tumors involves three processes, i.e., transport to tumors via blood perfusion, extravasation, and transport through interstitial space (4) . These processes are mainly driven by diffusion that depends on diffusivity and concentration gradient and by convection that depends on hydraulic conductivity and pressure gradient.
The goal of the present study was to test the hypothesis that the diffusive transport of NP in tumor interstitium, as functions of interstitial NP concentration and time, can be predicted based on interstitial NP diffusivity, and NP-cell interactions (i.e., cell surface binding capacity, rate constants of association, dissociation, and internalization). Models and equations were established to describe diffusive NP transport. The NPcell biointerface data needed to parameterize the models were obtained experimentally using monolayer cultured cells. Because NP-cell biointerface depends on NP properties, we studied three types of NP: negatively charged polystyrene beads, near-neutral zwitterionic hydrogenated soy phosphatidylcholine (HSPC) liposomes sterically stabilized with pegylation, and pegylated cationic liposomes with fusogenic properties; the respective initial particle diameters were 20, 110, and 130 nm. Cationic liposomes are a popular choice for the delivery of oligonucleotides (e.g., RNA, DNA). Fusogenic lipids are used to fuse with the endosomal membrane to facilitate endosomal escape (5) . We recently showed that surface charge and pegylation have opposing quantitative effects on NP binding to cell surface and internalization such that the effect of one parameter is offset by the other (6) .
Model performance was evaluated by comparing modelsimulated results to the experimental results obtained with 3D multicellular tumor cell spheroids. Spheroids are aggregates of tumor cells without blood vessels, retain many properties of solid tumors (e.g., multicellular structures, extracellular matrix, tight junctions between cells, gradients of nutrient and oxygen concentrations, and heterogeneous cell proliferation rate). The absence of vasculature in spheroids ascertains that the transport was due to diffusion and not confounded by convection. Tumor cell spheroids are considered a surrogate for solid tumors and are commonly used to study drug delivery and patient tumor sensitivity to specified drugs (7) (8) (9) (10) (11) (12) (13) .
MATERIALS AND METHODS

Overview
The research plan comprised the following five steps.
(a) Model development. The diffusive flux in 3-dimensional (3D) tumor interstitium is calculated from the free NP concentration at a radial position r in the interstitium which, in turn, is determined by several concentration-and time-dependent processes including NP binding and internalization in cells. These various kinetic components are described by partial differential equations. (b) Obtain model parameters. The kinetics of interactions between NP and individual cells, which are specific to the NP and the cell used, were experimentally determined using 2-dimensional (2D) monolayer cultures. Other model parameters not dependent on NP properties were obtained or calculated from literature data. (c) In silico studies. The above models and model parameters were used with computation software to simulate NP diffusive transport and spatial distribution in 3D tumor interstitium. (d) Experimentally determine the concentration-depth profiles of fluorescence-labeled NP in 3D tumor cell spheroids (three initial NP concentrations and three treatment times). (e) Evaluate model performance by comparing the model-simulated NP concentration-depth profiles in a 3D system to the experimental data in 3D spheroids.
Chemicals and Reagents
Phosphate-buffered saline (PBS, pH 7.4), and cell culture supplies (phenol red-free RPMI 1640 with L-glutamine, trypsin-EDTA, fetal bovine serum or FBS, antibiotic-antimycotic) were obtained from Invitrogen-GIBCO (Carlsbad, CA). Acridine orange, agarose, osmium tetroxide, glutaraldehyde, and other chemicals were purchased from Sigma Chemical Company (St. Louis, MO), sodium dodecyl sulfate (SDS) from Roche Diagnostics (Indianapolis, IN), 10% buffered formalin phosphate from Fisher Scientific Company (Fair Lawn, NJ), Triton-X 100 from RICCA Chemical Co. (Arlington, TX), and 4′-6-diamidino-2-phenylindole, dihydrochloride (DAPI) from Invitrogen Corp. (Eugene, OR). Red-fluorescent carboxylate-modified, negatively charged, spherical polystyrene NP (20 and 200 nm diameter) were purchased from Molecular Probes (Eugene, OR). Lipids (HSPC, 1,2-dioleoyl-3-trimethylammonium propane (DOTAP), 1,2-dioleoyl-snglycero-3-phosphoethanolamine (DOPE), 1,2-dipalmitoyl-snglycero-3-phosphocholine (DPPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) ammonium salt (Rhod-DOPE), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (PEG-DSPE), cholesterol) were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). All other reagents and solvents were of analytical or HPLC grade and were purchased from Fisher Chemicals (Pittsburgh, PA). All materials were used as received.
Polystyrene Beads
The smaller polystyrene beads (20 nm, carboxylated, Invitrogen) were used for transport studies. In addition, we used larger beads (200 nm) to enable visualization in transmission electron microscopy. These beads are manufacture labeled with proprietary fluorescence dye; a recent study showed minimal dye leakage (<0.05% in 24-72 h; (14) ). The molar concentration of NP was calculated using Eq. 1.
where C stock was the NP concentration in the manufacturer's stock solution (20 mg/ml), N is the Avgadro's constant, ρ was the density of polystyrene (1.055 g/cm 3 ), and d was the NP diameter in meter. The stock solution was diluted 100-fold with serum-free DMEM medium, yielding a concentration of 200 g/ml (75 nM). NP suspension was sonicated in a bath sonicator for 5 min before use. Note that the actual size of the 20-nm beads in serum-free medium was about 55 nm, due to aggregation (see Results and Discussion).
Liposome Preparation
Two liposome formulations were prepared and both were labeled using Rhod-DOPE, where rhodamine was chemically conjugated to DOPE. The first formulation comprised HSPC, cholesterol, PEG-DSPE, and Rhod-DOPE (2:1:0.1:0.03 molar ratio, referred to as HSPC liposomes). The second formulation comprised DOTAP:DPPC:DOPE:Chol: PEG-DSPE:Rhod-DOPE (20:5:19:50:5:1 molar ratio, referred to as C20-5 liposomes). Liposomes were prepared using the standard thin-film hydration method (15) , with some modifications. Briefly, lipids were dissolved in chloroform, and Rhod-DOPE was added. The solution was dried under nitrogen to form a thin film and then dried under vacuum overnight. The film was hydrated in an aqueous buffer (25 mM HEPE, and 140 mM NaCl, pH 7.4 for HSPC liposomes, and 10% sucrose for C20-5 liposomes). The suspension was extruded through a polycarbonate membrane (100-nm pore size) 11 times with an extruder (Avanti, Alabaster, AL).
Liposomes were diluted with serum-free DMEM; liposome concentration was represented as number of liposomes per unit volume. The number of lipid molecules per liposome for spherical unilamellar liposomes of radius R with bilayer thickness bt, the average head area A for the mixture of several lipids were calculated using a previously described method (Eq. 2) (16).
Lipid molecules per liposome
R was determined by dynamic light scatter. bt was set at 4 nm as previously reported (16 
Monolayer and Spheroid Cultures
Human pharynx FaDu cells (ATCC, Manassas, VA) were maintained in RPMI 1640 medium supplemented with 10% FBS and 1% antibiotic-antimycotic. Cells (50× 10 4 cells/ml in 10% FBS-containing RPMI medium, 2 ml per well in six-well plates) were incubated at 37°C and 5% CO 2 overnight.
Spheroids were prepared using the liquid overlay technique (18) . Briefly, 96-well culture plates were coated with 1% agarose solution in PBS (pH 7.4, about 50°C, 50 μl per well) and placed at 4°C overnight for the coating to solidify. Cells (200 μl of 1×10 4 cells/ml 10% FBS-containing medium) were added to each well. Spheroids were established after 4 days, and were collected and washed three times with serum-free medium before incubation with NP.
Determination of NP, Cell, and Spheroid Sizes NP diameter was measured using a particle size analyzer (Brookhaven Instrument Co.) or Zetasizer Nano ZS90 (Malvern, Westborough, MA). Cell number was measured using a hematocytometer. The average cell size and radius were measured in three ways: (a) under microscope (total of ∼300 cells), (b) using a coulter counter (four to five million cells), and (c) volume displacement by placing five to six million cells in a known volume of medium into a tubing with an internal radius of 0.29 mm (Dow Corning corporation, Midland, MI); the difference between the volumes of cell-containing and cell-free media equaled the volume of the cells. Volume of a cell was calculated using the equation for a sphere (volume0(4/3)πr 3 ), assuming a spherical shape. Diameters of spheroids were measured under light and confocal microscopy. All studies used spheroids with 320-340 μm diameters.
Transmission Electron Microscopy
Cells or spheroids were processed for transmission electron microscopy (TEM) using the eight-step method described previously (19) . Briefly, cells/spheroids were fixed in 2.5% glutaraldehyde in a 0.1 M PBS for 2 h at 4°C, rinsed three times in PBS for 5 min each, placed in 1% osmium tetroxide for 1 h, again rinsed three times, then dehydrated with 50%, 70%, 80%, 95%, and 100% ethanol and infiltrated with the transitional solvents (i.e., propylene oxide), embedded in Spurr resin, and polymerized at 60°C for 16-24 h, and cut to 70-90-nm sections at room temperature using Leica EM UC6 ultramicrotome equipped with an FC6 cryochamber (Leica Microsystems Inc., Bannockburn, IL). The sections were observed under Tecnai G2 spirit TEM (FEI Co., Hillsboro, OR).
Confocal Laser-Scanning Microscopy
Confocal laser-scanning microscopy (Zeiss LSM 510; Carl Zeiss Inc., Oberkochen, Germany) was used to visualize the fluorescent signals. The three NP showed red fluorescence. The nuclear dye was acridine orange (green fluorescence) or DAPI (blue fluorescence). The respective excitation/emission wavelengths were 580/ 605 nm for polystyrene beads, 502/525 nm for acridine orange, 543/594 nm for Rhod-DOPE (fluorescent lipid in liposomes) and 401/421 nm for DAPI.
Monolayers cells (cultured on a glass cover slip in a six-well plate to about 50% confluency) and spheroids were incubated with polystyrene beads (75 nM), HSPC liposomes (1.13 nM), or C20-5 liposomes (0.55 nM), in serum-free medium; the plates were placed on an orbital shaker (50 rpm) in a CO 2 incubator at 37°C. At the end of experiments, cells or spheroids were washed three times with serum-free medium and fixed with 10% formalin for 20 min. Nuclei were stained with acridine orange (0.6 mg/ml, for monolayer study) for 10 min or DAPI (7.5 μM, for spheroid study) for 5 min. Cell-coated coverslips were placed cell-side down onto glass microscope slides. Spheroids (three to eight per slide) were mounted onto a glass slide, covered with a cover slip, and examined under confocal microscopy. Micrographs of 3-μm-thick optical sections were acquired near the center of monolayers/spheroids in each field of vision.
Quantitative Image Analysis of Confocal Microscopic Images
For each spheroid, a total of 20 lines were drawn from the center to the periphery using the Zeiss LSM META 510 software, with each line separated by 18°angles. The fluorescence intensity, as a function of distance from spheroid periphery, was quantified by averaging the intensities of the 20 lines; this procedure minimized the location-related variability within a spheroid. Only data points with fluorescence intensities that exceeded 2 standard deviations of the background fluorescence (of untreated spheroids) were included in the analysis. Changes in the intensity over distance were expressed as percentage of the intensity at the outer perimeter, and the average fluorescence-depth profiles of five spheroids per condition were used. The total amount or uptake of NP in the spheroids was quantified as the area under fluorescence intensity-penetration depth curve (AUC), calculated using the linear trapezoidal rule. Half-width W 1/2 was defined as the distance traveled by NP from the outer boundary to the depth in a spheroid where the total NP concentration (sum of NP in interstitial space or C interstitial , NP bound to cell membrane or C bound, plus NP internalized into cells or C in ) declined by 50%. A higher AUC value indicates an increase in the amount of NP whereas a longer W 1/2 indicates a deeper penetration and a more shallow concentration decline.
Methods to Measure Model Parameters in Monolayers
The binding and internalization parameters, i.e., maximum binding sites B max , and rate constants for NP internalization (k in ), binding (k on ), and dissociation (k off ), are functions of NP properties, tumor cell properties, and NPcell interactions. These parameters were measured experimentally using monolayer cells. Their determination requires separating the three NP moieties, i.e., free NP in the medium (C medium ), C bound , and C in ; these methodologies were developed using polystyrene beads, as follows. The total amount of cell-associated NP was measured at 37°C. We compared two methods described in the literature for separating the cell surface-bound NP from the internalized NP. The first method uses a highly concentrated trypsin-EDTA solution (×10) to strip the bound NP after incubation for 30 min at 37°C (20) . The NP removed by trypsin stripping represent the surface-bound NP and the remaining NP after stripping represent the internalized NP. The second method measures the total amount of cell-associated NP after incubation at 4°C which reflects the cell surface-bound NP, and the amount of cellassociated NP after incubation at 37°C which reflects the sum of surface-bound and internalized NP (21) (22) (23) ; the difference between these two values represents the internalized NP. We previously confirmed the 4°C measurement reflects the surface-bound positively charged liposomes (6) . The effectiveness of the 10×-trypsin stripping method was confirmed using confocal microscopy to compare the subcellular NP distribution before and after the treatment. As shown in Results, the two methods yielded comparable data. The first method was used for polystyrene beads, and the second method was used for the two liposome formulations.
The above processing steps were completed in less than 30 min. In order to establish the upper limit of potential errors that might have been caused by the procedures, we measured the extent of NP exocytosis. Briefly, cells were incubated with polystyrene beads (75 nM) for 5 h. The beadloaded cells were washed, trypsinized, and placed into beadfree medium for 30 min at 37°C. Afterward, cells were collected and centrifuged; the amount of NP retained in the cell pellet was determined.
Measurement of Binding and Internalization Parameters in Monolayers
Monolayer cells (60-80% confluency) were incubated with NP at 4°C and/or 37°C for up to 6 h. For each preparation, studies used two or three initial NP concentrations and multiple time points. Additional NP concentrations were studied at the 6 h time point to obtain B max . Experiments were repeated two or three times (at least three samples per experiment). After incubation, the culture medium containing the extracellular NP was collected. The remaining cells were washed gently three times with 1 ml ice-cold serum-free DMEM medium (for polystyrene beads) or PBS (for the two liposomes). The washings were completed in less than 5 min. The amounts of NP in the three successive washes were less than 1.2%, 0.3%, and 0.1% of the initial amount. The attached cells were collected after trypsinization (with 1 ml 0.5% 10× trypsin-EDTA at 37°C for 30 min for cells treated with polystyrene beads and 0.5 ml 0.25% trypsin at 37°C for 5 min for cells treated with the two liposomes). For polystyrene beads, the resulting mixture was centrifuged at 1,000×g at 4°C for 20 min, yielding the cell surfacebound NP in the supernatant and cells with the internalized NP in the pellet. The latter was solubilized by incubating with 1 ml 1% SDS at 37°C for 30 min. For the two liposomes, the resulting mixture was treated with 0.5 ml 0.5% Triton-X 100 at 37°C for 30 min.
The fluorescence signals in individual fractions were measured using a fluorescence spectrometer (PerkinElmer, Waltham, MA) at excitation/emission wavelengths of 580/ 605 nm for polystyrene beads and 543/594 nm for Rhod-DOPE. The signals were corrected for the background signal in the control groups (i.e., without NP), which were typically between 1% and 10% of the NP-treated groups. The three NP concentrations (C medium , C bound , C in ) were calculated from the fluorescence intensity using standard curves constructed with known concentrations of NP (1.88 to 37.5 nM for polystyrene beads, 0.01-5.4 nM for HSPC liposomes and 0.01-17.6 nM for the C20-5 liposomes; all standard curves were linear at the stated concentration ranges).
Effects of Treatment Time and NP Concentration on Diffusive NP Transport in 3D Tumor Cell Spheroids
Studies of the effect of treatment time on NP transport in spheroids used a fixed concentration (18.8 nM for polystyrene NP, 1.13 nM for HSPC liposomes, 0.55 nM for C20-5 liposomes) and several time points (up to 22 h). For the effect of NP concentration, we used a single time point and several concentrations (9.4-37.5 nM for polystyrene beads, 0.56-2.26 nM for HSPC liposomes, and 0.28-1.10 nM for C20-5 liposomes); these concentrations are within the range where the NP binding to cells was primarily saturable as described in the models. Fifty spheroids were used per condition. After incubation, spheroids were collected, washed, fixed, and analyzed with confocal microscopy and quantitative imaging as described above.
Computation Methods
Model parameters were obtained by fitting appropriate equations to experimental data using SigmaPlot (Systat Software, Inc.) or WinNonlin 6.0 (Pharsight Corporation). Partial differential equations describing diffusive NP transport in a 3D system were solved numerically with the finite element method, using the Multiphysics modeling software COMSOL 3.4 (Comsol Inc, Los Angeles, CA). For COMSOL simulations, we used the sphere geometry with a 330 μm diameter (equaled the average size of spheroids used in the experiments), and used the initial C medium to generate the C total -depth profiles in 3D spheroids as functions of various initial NP concentrations and treatment times. Note C medium refers to NP concentration in culture medium in both monolayer and spheroid systems whereas C interstitial refers to concentration in interstitium in spheroids.
RESULTS
Model Development
Our goal was to develop a computational model that uses NP-cell biointerface data to predict the diffusive NP transport in 3D systems. The avascular tumor cell spheroids, devoid of convective transport, were used as the model system.
It has been shown that cell surface binding and internalization of liposomes involve both specific/saturable and nonsaturable kinetics (24) . Receptors include Class B Scavenger SR-BI and CD36 receptors for anionic lipids (25) and Toll-like receptors (TLR4) for cationic lipids (26) . The internalization of polystyrene beads is size-dependent, utilizing the clathrinmediated endocytosis for small size (<200 nm) and caveolaemediated endocytosis for larger particles of 500 nm (27) . For the first generation model, we considered only specific and saturable binding of NP to cell membrane.
Second, binding of nanoparticles to ECM (mainly collagen) is determined by nanoparticle properties (surface hydrophilicity, charge, size) and collagen (charge, diameter, amount). We assumed negligible nanoparticle binding to ECM, based on the following literature findings and our own unpublished results: (a) low ECM content in spheroids (less than 10% of the level in tumors) (28) , (b) pegylation of liposomes diminishes interaction with ECM (29),(c) minimal interaction between positively charged liposomes and collagen (positively charge at physiological pH) (30) , and (d) treatment of FaDu spheroids with collagenase did not significantly enhance the penetration of negatively charged polystyrene beads (20 nm; unpublished results), suggesting inconsequential interactions between beads and collagen in spheroids.
We made several additional assumptions: a spherical system with a radius R, negligible fluid phase endocytosis, negligible efflux from cells, and equal numbers of binding sites for cells in monolayers and in 3D structures as a previous study shows that the surface area of monolayer cells is indistinguishable for the same cells in suspension (31) . We further assumed internalization of NP uses absorptive and receptor-mediated endocytosis, where NP first binds to cell surface binding sites prior to entering a cell. Figure 1a depicts the kinetic processes of NP diffusion in a 3D spheroid. NP in culture medium enter the interstitium via diffusive flux. The unbound or free NP in the interstitial space then bind to cell surface and undergo internalization. The corresponding respective NP concentrations are C interstitial , C bound , and C in . Hence, diffusive NP transport models to depict the NP concentration-depth profile within a spheroid need to account for the diffusive flux (due to concentration gradient) and the depletion of the free NP due to cell binding and internalization. The kinetic rate constants, k on and k off for NP-cell interaction and k in for NP internalization, and the number of binding sites on cell surface (BS) are functions of properties of NP and cells and hence could be determined in monolayers.
Note the fraction of extracellular NP removed due to binding or internalization in cells increased with time and accounted for up to 27% of the initial NP concentration (see below). Hence, the C medium after incubation (C medium,t ) was measured and used in the calculation. Table I summarizes the values of NP-specific parameters and other model parameters, obtained as follows.
NP binding and internalization parameters from monolayer experiments are obtained. NP concentration in the monolayer cell uptake experiments was expressed in nanometer because the measurement (of total number of NP) was taken from cells solubilized with a fixed volume of lysate (1 ml of 1% SDS for polystyrene beads and 1 ml of Trypsin plus 0.5% Triton-X 100 for liposomes). The NP concentration was subsequently normalized to the cell number (by dividing with the number of cells in the sample and expressed as per 10 6 cells, i.e., moles per 1 ml lysate per 10 6 cells).
Equations 3 and 4 describe the changes in C bound and C medium as a function of time. For B max values,we first calculated B max for the entire cell population (B max,total cells ), and then divided this value with the cell number to calculate the B max for a single cell (B max,single cell ). The latter was then used to calculate B max,spheroid (see below). Equation 5 describes C in as a function of C bound . At steady state and with the assumptions of only saturable binding, Eq. 3 becomes Eq. 6. Assuming C bound is constant over time and C in equals zero at time zero, Eq. 5 becomes Eq. 7.
k d is the C medium at which C bound equals 50% of B max,total cells . Because our experimental results showed that steady state was not reached at the last time point (6 h), we used Eqs. 6 and 7 to obtain initial estimates of parameter values. Namely fitting Eq. 6 to the plot of C bound vs. C medium (32) using SigmaPlot yielded initial estimates for the values of k d and B max,total cells ; fitting Eq. 7 to the plot of C bound vs. C in yielded the initial estimates of the multiplication product of k in × t (equals slope of the best-fit line, t is the incubation time) (33, 34) and hence the k in value. Initial values of k on and k off were estimated from C bound vs. time plot. The initial estimates were then used to obtain the final parameter values by fitting all experimental data using WinNonLin (and nonlinear regression) to the full dynamic model defined in Eqs. 3-5, to obtain the final parameter values (B max,total cells , k in , k on , and k off ).
Determination of Cell Size
Cell volume is needed to calculate the interstitial void volume. The average cell radius measured by three methods was 7.46± 1.05 μm (mean±SD) by light microscopy (n0300 cells), 8.39± 0.05 μm by Coulter counter (n0 4-5 million cells), and 7.44±0.26 μm by volume displacement (n05-6 million cells), respectively. The average value was 7.76± 0.54 μm. The average volume of a single FaDu cell was calculated to be 1.96±0.66×10 −6 μl. This volume is comparable to our previous finding for MCF7 cells (2.09±0.43×10 −6 μl; 32).
Validation of Methods to Separate Cell Surface-Bound NP from Internalized NP
This was accomplished with polystyrene beads; the confocal microscopy results showed that after 2 h incubation, polystyrene beads (20 nm) bound to cell surface and readily entered cells (Fig. 1e) , and the transmission electron microscopic results similarly showed the beads in the cytoplasm of cells in spheroids (visualized using larger beads of 200 nm, Fig. 1f ). These data confirmed the NP binding to cell surface and internalization in cells. The confocal microscopic images of post-washing NP-treated spheroids showed that beads were located either on cell surface or inside cells, and were absent in the extracellular space (Fig. 1b-d) , confirming their removal by the washing procedures.
Comparison of the cell surface-bound beads measured by the 10×-trypsin stripping method and the 4°C method confirms that the two methods yielded indistinguishable results (70.2±5.5 vs. 69.7± 3.2% of total cellassociated NP).
Comparison of the bead-loaded cells, before and after incubation in bead-free medium, showed that 86.2% of the internalized NP was retained in cells after 30 min, the duration for the 10×-trypsin stripping method. This indicates a potential maximum 14% loss of the internalized NP due to the processing. This value is likely an over-estimate because the actual 10×-trypsin treatment was performed in the presence of beads (in excess of the internalized NP), which would reduce the concentration gradient and thereby reduce the efflux.
Diffusive Transport of NP into Spheroids
Equation 8 describes the relationship between the three NP moieties in a spheroid.
Equation 9 describes changes of C interstitial as functions of time t and position r in 3D spheroids. Replacing the term C medium in Eq. 4 with C interstial yielded Eq. 10 that describes changes in C bound with time in spheroids. Changes in C in with time in spheroids are a function of C bound and are as described in Eq. 11. D i is interstitial diffusivity and was calculated as described below. r is the radial position from the center of a spheroid, as used in polar coordinate systems. Because NP penetration is from the outer perimeter to the center of a spheroid, the NP penetration distance is defined as spheroid radius (R) minus r or (R−r).
Solution of Eqs. 9-11 required definitions of initial conditions and boundary conditions. For initial conditions when t equals 0, C interstitial , C bound , and C in inside a spheroid all equaled 0. For the boundary condition at the outer perimeter of the spheroid when r0R, the boundary C interstitial (i.e., concentration at the interface between outer spheroid perimeter and culture medium) equaled C medium . In contrast to monolayers where the removal of NP due to binding and internalization in cells accounted for up to 27% of C medium , the limited NP penetration into spheroids resulted in much smaller changes in the C medium (<5% over 5-6 h). Hence, we used a constant C medium value to analyze the spheroid data.
Calculation of NP Diffusion Coefficient in Spheroids
Calculation of the diffusion coefficient in 3D tumor cell spheroids D i was performed in three steps. We first estimated the diffusion coefficient of NP in water at 37°C, D 0 , using the Stokes-Einstein equation (35) . ). r p is particle radius. As the apparent size of polystyrene beads and C20-5 liposomes increased over time, we used both the initial size (55 and 138 nm) and the final size at 12 h (117 and 474 nm) to calculate D 0 .
Next, the NP diffusion in interstitium was modeled as diffusion in a porous gel matrix (35) . This required correcting D 0 to account for the presence of the matrix proteins, to obtain the diffusion coefficient in the interstitium D int (Eq. 13).
φ int is the volume fraction of tumor interstitial matrix. Because the major component of tumor matrix materials is collagen (36), we used values for collagen to calculate φ int , which equals the multiplication product of (interstitial collagen concentration) and (effective specific volume of collagen fibers, which equals 1.89 cm 3 /g) (37) . The collagen concentration in the interstitium of a solid tumor is 0.35 g/cm 3 (37) , and the collagen content in a spheroid is about one eleventh of the value in a tumor (28) . Accordingly, the collagen concentration in a spheroid was 0.032 g/cm 3 and φ int was 0.06. r f is the radius of the tumor matrix proteins/fibers and equals 20 nm for collagen (37) .
The third step was to adjust the diffusion coefficient of NP to account for porosity in solid tumor. D int was converted to the interstitial diffusivity D i using Eq. 14, to account for the diffusion in porous gel matrix with immobilized cells (38, 39) . ϕ is the cell density and 1-ϕ equals the porosity in spheroids.
Calculation of Maximum NP Binding Sites in Spheroids
Cell density in spheroids was calculated as the volume fraction occupied by cells, as follows. We measured the diameters of individual spheroids using confocal microscopy, and selected 10 spheroids with similar sizes (less than 1% difference from the average size of 330 μm). Individual spheroids were incubated with 1 × trypsin-EDTA for 20 min. The numbers of cells in the resulting single cell suspensions were counted, and the volume of a spheroid was calculated assuming a spherical shape. The volume of total cells in each spheroid was calculated as (total cell number in each spheroid) multiplied by (average volume of a single cell). The cell density for individual spheroids were calculated as (volume of total cells in each spheroid) divided by (spheroid volume); the average value was 56.0±7.3% (range, 50.0-68.9%).
B max,single cell was used with Eq. 15 to calculate the molar concentration of cell surface binding sites in a spheroid, B max, spheroid, at a cell density ϕ. r cell was the radius of FaDu cells in suspension, in μm. Figure 2a shows the concentration-dependent uptake and accumulation of total, surface-bound, and internalized polystyrene beads, HSPC liposomes, and C20-5 liposomes in monolayer cells.
For polystyrene beads, all three moieties (C total , C bound , C in ) generally increased with extracellular NP concentrations (from 0 to 90 nM). The profiles show characteristics of saturable binding at lower C medium (with C bound approaching a plateau level at C medium of ∼40 nM), followed by nonsaturable binding (with C bound increasing linearly at higher C medium ). Figure 2b shows the time-dependent uptake and accumulation; all three moieties increased with time and approaching plateau levels at 4-6 h. At 6 h, about 67% of the total NP was bound to cell surface and about 33% was internalized in cells.
Similar findings were observed for the two liposomes, albeit with different bound-to-internalized ratios, i.e., <30% internalization for HSPC and about 50% for C20-5, at 6 h (Fig. 2a, b) .
A comparison of the total fluorescence intensity in the culture medium before and after incubation showed no loss when NP were incubated with cell-free medium whereas incubation with cells in monolayer cultures for 6 h reduced the total fluorescence to 77.4%, 90.1%, and 72.8% of the initial values for polystyrene beads, HSPC, and C20-5 liposomes, respectively. This data indicates that up to 10-30% of NP in extracellular medium were removed due to their interactions with cells. This data is in agreement with the amount of NP bound or internalized in cells, i.e., C total accounting for 21.4%, 10.0%, and 26.7% of the initial dose.
Calculation of Model Parameters
The diffusive transport models depicted in Eqs. 9-11 accounted for saturable NP binding to cells but not nonsaturable binding. Hence, we used only binding and internalization data at NP concentration range where saturable binding was apparent (i.e., up to 45 nM C medium for (Fig. 2c, Table I ). The three NP showed ∼3-fold difference for k off , 4-fold difference for k in , but very different values for k on (40-fold), and B max,single cell (150-fold). The rank orders of k on and k in were C20:5 liposomes > HSPC liposomes > polystyrene beads, whereas the rank order for k off was HSPC liposomes > C20-5 liposomes∼polystyrene beads.
As shown below, the differences in NP-cell biointerface parameters, as well as other NP properties (e.g., size, charges), for the three NP resulted in differences in their diffusive transport in 3D tumor cell spheroids.
Particle Size Change. As diffusion coefficients are determined by particle size (Eqs. 12 and 13), we monitored the NP size over time. The results showed no size changes in cell-free medium for all three NP. Incubation with monolayer cultures or spheroids caused broadening of the size distribution histograms for all three NP. However, there was no change in the average size of HSPC liposomes whereas polystyrene beads and C20-5 liposomes showed progressive increases over time (Fig. 3 , Table I ). This data suggest interactions between cells or extracellular cellular components with beads and C20-5 liposomes caused particle size changes.
Changes in the particle sizes were calculated to result in 2-and 30-fold lower diffusion coefficients at 6 and 12 h for polystyrene beads and C20-5 liposomes, respectively (Table I) .
Experimental Determination of NP Diffusion into 3D Tumor Cell Spheroids
The typical size of FaDu spheroids after 4 days of incubation was about 250-350 μm. Larger spheroids of 500-700 μm were observed after 14 days. Because the larger spheroids contained necrotic regions in the center (not shown), we used smaller spheroids, with an average size of Study of effect of treatment time used a fixed initial NP concentration (18.8 nM for polystyrene beads, 1.13 nM for HSPC liposomes, 0.55 nM for C20-5 liposomes). Study of effect of initial NP concentration used a single treatment time (5 h for beads, 6 h for both liposomes). AUC was calculated by linear trapezoidal rule. C max is the highest fluorescence intensity in a C total -depth profile. Half-width W 1/2 is the penetration depth corresponding to 50% NP concentration decline. AUC and C max values are standardized to respective reference treatment groups (18.8 nM and 5 h for beads, 1.13 nM and 6 h for HSPC liposomes, 0.55 nM and 6 h for C20-5 liposomes)
330±8.6 μm for beads, 325±8.7 μm for HSPC liposomes, and 327±6.4 μm for C20-5 liposomes (Fig. 1b-d) .
The effect of NP treatment time on spheroid structure was evaluated by monitoring the nucleus dye penetration (Fig. 4) . The confocal microscopy results show no changes in the depth of dye penetration over 22 h for polystyrene beads, indicating no substantial changes in the diffusive barriers in spheroids over this duration. In contrast, the dye penetration for spheroids treated with HPSC and C20-5 liposomes remained constant for up to 12 h, followed by substantially deeper penetration at 22 h, indicating that liposome treatments altered the diffusion properties of spheroids. Based on these findings, the penetration was studied for up to 12 h. We used two separate measurements to determine the amounts of NP that penetrated the spheroids. First, we compared the total fluorescence intensity in the extracellular culture medium before and after incubation with spheroids and found <5% loss from the medium. This finding is in agreement with the second measurement on the amount of NP recovered in the spheroids after 6 h incubation (1.3%, 2.0%, and 3.7% for polystyrene beads, HSPC liposomes, and C20-5 liposomes, respectively). Figure 5 shows the C total -spheroid depth profiles , and Fig. 6 shows the changes in total NP amount (expressed as AUC of the profile), maximum NP concentration in spheroids (C max ),and penetration depth (W 1/2 ). In general, increasing the NP-cell interaction time or C medium resulted in higher AUC, C max , and W 1/2 for all three NP. But, as summarized in Table II , there were qualitative and quantitative differences among the NP, e.g., different extents of changes in AUC, C max , and W 1/2 . The HSPC liposomes showed the most rapid initial rate of penetration (two to threetimes longer W 1/2 at 2 h). The slower penetration rates for polystyrene beads and C20-5 liposomes are probably due to interactions between charged particles with cells and/or extracellular components that retard interstitial transport (30) .
In Silico Results and Comparison with Experimental Results
Figure 5 also compares the model-simulated profiles to the experimentally observed profiles for the three NP, whereas Fig. 6 compares the AUC, C max , and W 1/2, values of the profiles. Table III shows the fractions of modelsimulated data points that were within the 95% confidence intervals of the experimental results.
For polystyrene beads and HSPC liposomes, the modelsimulated data closely aligned with the experimental results. For example, 92-100% (average of 99% for beads and 96% for HSPC) of individual data points of all six simulated profiles (three concentration and three treatment times) are within the 95% confidence intervals of the experimental results, indicating good accuracy. Similarly good agreements were observed for the modelsimulated AUC, C max , and W 1/2, , with <17% deviations. The deviations for these four measurements are comparable among these two NP (p>0.05, Student's t test). In comparison, the model for C20-5 liposomes showed inferior performance; only 3 of 6 treatment conditions showed good agreement among the simulated individual data points and the experiment results (85-100%), whereas the remaining 3 conditions showed inferior agreement (12-23%). In addition, the simulated AUC, C max , and W 1/2 values for C20-5 liposomes showed significantly higher deviations from the experiment values compared to polystyrene beads and HSPC liposomes (>29% on average vs. <10%; p<0.05; Student's t test).
We also investigated the effect of particle size increase during incubation with cells on model-predicted C total -depth profiles. This was accomplished by substituting the D i values calculated using the average particle size at the end of 2-, 6-, and 12-h incubation. HSPC liposomes, which showed constant size and D i , displayed a single profile at each time point. In contrast, polystyrene beads and C20-5 liposomes, which showed progressively larger average size and smaller D i over time, displayed diminished transport in proportion to the changes in D i , and consequently increasingly inferior model performance (Fig. 7) .
DISCUSSION
Our goal was to test the hypothesis that the diffusive transport and spatial distribution of NP in tumor interstitium, as functions of interstitial NP concentration and time, can be predicted using NP-cell biointerface data experimentally determined in cultured cells. The sizes of the three NP used in the current study covers the range of nano-size therapeutics, e.g., macromolecule drugs such as antibodies and proteins (5-20 nm) and nanoparticle drug carriers (e.g., 85 nm for Doxil and 130 nm for Abraxane; 1, [40] [41] [42] . Surface charges of the three NP are also within the range of nano-therapeutics −12 mV for Doxil, −30 mV for Abraxane, >40 mV for cationic liposomes (6, (42) (43) (44) . The different NP properties (charge, size, materials) led to differences in NP-cell interactions, as shown by their different k on (>3-fold), k in (>8-fold), and B max,single cell (>80-fold) values. These differences in turn led to differences in their diffusive transport in 3D tumor cell spheroids and penetration kinetic parameters (AUC, C max , W 1/2 ) as functions of NP-cell interaction time and NP concentration.
The present study showed two notable experimental findings. First, while between 10% and 30% of the three NP were removed from the extracellular culture medium after 6-h incubation with cells in monolayer cultures, only 1-4% penetrated the spheroids. Because this difference far exceeds the difference in cell number in monolayers (10-vs. 3-fold) and because of the comparable surface area of cells in monolayers and suspension (31), we propose that slow diffusive is a significant rate-limiting step for the interstitial NP transport in avascular systems. Second, we observed significant size changes upon incubation with cells in serumfree medium for the negatively charged polystyrene beads and the positively charged C20-5 liposomes but not for the near-neutral HSPC liposomes; this data indicates the size change was caused by interactions of charged NP with cellular components excreted or shed in the extracellular medium. Ongoing studies using live cell confocal microscopy showed both polystyrene beads and C20-5 liposomes formed aggregates over time (as opposed to enlargement of individual NP).
The models in the present study yielded simulated data that closely aligned with the experimental data on the transport of negative-charged polystyrene beads and near-neutral liposomes in 3D spheroids; between 92% and 100% of model-predicted data points were within 95% confidence intervals of experimental results. That the models predicted the transport of these two NP with large differences in their interactions with tumor cells indicates the versatility of the models. On the other hand, model performance was inferior for the positively charged C20-5 liposomes containing fusogenic lipids. This was not due to the change in particle size over time as simulations using the D i derived from the large final NP size did not improve the model performance. Another possibility is the inclusion of the fusogenic lipid DOPE known to fuse with cell membrane (45) might have altered the transport kinetics. Additional studies are needed to determine the cause of the inferior performance of the positively charged liposomes.
This study showed limited penetration of NP in FaDu spheroids. We propose this is in part due to the limited diffusive transport of nanoparticles (e.g., due to the large size) and in part due to binding of nanoparticles to cells. Such "binding barrier" has been reported for small molecule drugs (46) . Another likely cause is the presence of tight cell junctions creating a barrier to diffusion. Studies have been initiated to evaluate the transport model in other tumor cells that show lower levels of intercellular junction proteins and showed significantly deeper NP penetration.
Our models did not consider (a) convection, (b) charge effect, (c) efflux from cells which might have been negligible at earlier times but would become predominant at higher internalized NP concentrations, (d) processes known to play minor roles (i.e., fluid phase endocytosis, extravasation by transcytosis across the vessel wall, electrochemical transport across the interstitium due to surface charge), (e) effect of NP shape (e.g., angular instead of spherical), (f) nonsaturable binding of NP, which may become predominant with higher NP concentrations, (g) paracellular transport, (h) heterogeneous tumor interstitium due to nutrition gradient, and (i) potential role of intercellular junctions (e.g., presence of tight junctions serves as a sieve to prevent NP transport). In addition, our models used the D i values calculated with the average NP particle size to predict the diffusive transport. As shown in Figs. 3 and 7, particle size can change over time due to interaction with extracellular cell components and this size change can significantly alter the predictions. Furthermore, the total NP amount in spheroids was relatively small compared to the amount in the culture medium (1.3, 2.0, and 3.7% for polystyrene beads, HSPC, and C20-5 liposomes, respectively); based on the size distribution histograms, the corresponding sizes at these amounts were equal or smaller than 21, 72, and 77 nm. Hence, we cannot rule out the possibility that only the smaller particles penetrated the spheroids, in which case the D i calculated for the average NP size would be an over-estimate. The above issues should be considered in future model development and refinement.
A recent study describes a model that depicts the diffusional transport of negatively charged polystyrene beads in tumor cell spheroids (47) . This earlier model used similar governing equations and similar, carboxylated polystyrene beads as in the current study (both used negatively charged, 20 nm diameter in the current study and 40 nm in the earlier study), but has significant differences with respect to experimental design and results, model parameters calculation, and, most importantly, model performance. With respect to experimental model, the earlier study used cervical SiHa tumor cells and spin-flask method to form spheroids; the resulting spheroids were larger (500 μm) and showed a porous necrotic core. In contrast, we used pharyngeal FaDu tumor cells and liquid-overlay method to form smaller spheroids (330 μm) without necrotic cores. These differences might have contributed to the qualitative and quantitative differences in the two studies. For example, the NP concentration-depth profile in SiHa spheroids showed a V-shape, with high NP concentrations at the periphery and center, whereas our study showed continued concentration decline with increasing depth. NP penetration in SiHa spheroids was very rapid, reaching the center within 1 h. In contrast, NP penetration in FaDu spheroids was limited and proceeded at a much slower rate (less than 30% to the center in 22 h). A second major difference between the two studies is the calculation of two key model parameters; the earlier study used a two-step approach. The first step was to measure the space between cells in spheroids and used the value to calculate the cell surface area for NP binding and the interstitial porosity. The porosity was used to calculate the diffusion coefficient. The next step was to use a correction factor to compensate for the 100-fold difference between the results in spheroids and monolayers, and a second correction factor (7.5-fold) to compensate for the tortuosity in spheroids. In contrast, we used the surface binding sites for cells in monolayer cultures and the experimentally measured cell density in spheroids to calculate the total binding sites within spheroids, and did not need to use correction factors. With respect to model performance, the earlier model was not able to predict the experimental results qualitatively or quantitatively. That is, compared to the experimental results, the model-predicted profiles of time-dependent NP penetration at spheroid periphery (radial position between 0.8 and 1) for collagenase-treated groups were in the reverse order and the model-predicted profiles of concentration-dependent NP penetration for collagenase-minus groups showed different shapes (highest levels at periphery/mid-way vs. highest at periphery/core) and several-fold lower NP concentrations.
In summary, the present report demonstrated the successful use of diffusive transport models plus NP-cell interaction parameters that are readily determined in monolayer cultures to predict the diffusion and spatial distribution of negative and neutral NP in 3D tumor cell spheroids as functions of NP concentrations and treatment times. As tumor cell spheroid is considered a good experimental model of solid tumors (7) (8) (9) (10) (11) , it is reasonable to expect the current models can be applied to predict the diffusive transport in solid tumors. We propose that extending this approach to include the other major transport mechanism (convection) may yield a cost-effective means to predict the NP delivery and residence in solid tumors. Coupling such tumor transport models with other multi-scale transport kinetic models (e.g., physiologic-based pharmacokinetic models) may enable an investigator to predict the delivery and residence of NP in tumors based on the NP properties and NP-cell biointerface parameters. Furthermore, because the models account for different NP moieties (free, membranebound, and internalized), it will be possible to predict the fates of NP at the desired target sites, and thereby enable the optimization of NP for their intended uses (e.g., free NP for imaging agents, surface-bound NP for antibodies or internalized NP for RNAi).
CONCLUSIONS
The present study established a computational model to predict the time-and concentration-dependent diffusion of NP in 3D tumor cell spheroids. Comparison of modelsimulated and experimental results indicate that diffusive transport of negative and neutral NP in 3D spheroids can be predicted using NP diffusivity, binding, and internalization in 2-D monolayers, with >90% accuracy.
